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ABSTRACT

Pyrosequencing is a bioluminometric single-tube DNA

sequencing method that takes advantage of co-operativity

between four enzymes to monitor DNA synthesis. In this

sequencing-by-synthesis method, a cascade of enzymatic

reactions yields detectable light, which is Proportional to

incorporated nucleotldes. Pyrosequencing has the advantages

of accuracy, flexibility and p__allel processing. It can be

easily automated. Furthermore, the technique dispenses with

the need for labeled primers, labeled nucleotldes and gel-

electrophoresis. In this chapter, the use of this technique

for different applications is discussed.
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IrtROD_'TI0_

The development of DNA sequence determination techniques

with enhanced speed, sensitivity and throughput is of the

utmost importance for the study of biological 8ys.tem8.

Conventional I_NA sequencing relies on the elegant principle

of the dideoxy chain termination technique first described

more than two decades ago (Sanger e_ al. 1977). This multi

step principle hae gone through major improvements during

the years to make it a robust technique that has been used

for sequencing of several different bacterial, archeal and

eucaryotic genome8 (www. ncbi .nlm.nih. gov, and

www.tigr.org). However, thl8 technique faces limitations in

both throughput and cost for most future applications. Many

research groups around the world have put efforts into the

development of alternative principles for DNA sequencing.

Three methods, which hold great promise are sequencing by

hybridization (Bains & Sm/th 1988; Drmanac et al. 1989;

Khrapko et al. 1989; Southern 1989), parallel signature

sequencing based on ligation and cleavage (Brenner et al.

2000) and Pyrosequencing (Ronaghi et al. 1996; Ronaghi eC

al. l§gsal.

Pyrosequencing is based on the detection of released

pyrophosphate (PPi) during DNA synthesis. In a cascade of
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enzymatic reactions, visible llght is generated which is

proportional to the number of incorporated nucleotides. The

cascade starts with a DNA polymerization reaction in which

inorganic pyrophosphate (PPi) is released as a result of

nucleotide incorporation by polymerase (Figure 1)'. The

released PPi is subsequently converted to ATP by ATP

sulfurylase. The synthesized ATP provides the energy to

luciferase to oxidize luciferln and generate light.

Unincorporated deoxy nucleotldes and ATP are degraded by

the enzyme apyrase. Since the identity of the added

nucleotide is known at each step of the light signal

generation, the sequence of the template can be determined.

Standard Pyrosequencing uses the Klenow fragment of E. coli

DNA polymerase I, which is a relatively slow polymerase

(Benkovic & Cameron 1995). The ATP sulfurylase used in

Pyrosequencing is a recombinant version from the yeast

Saccharomyces cerevisiae (Karamohamed et el. 1999). The

luciferase is from the American firefly Photinus pyralis

(DeLuca & McElroy 1984) and the nucleotide-degrading

enzyme, apyrase, is from potato tubers, Solanum tuberosum

(Handa & Guidotti 1996). The polymerization and detection

reactions takes place within 3-4 seconds at room

temperature. Efficient enzymatic nucleotide removal takes

approximately 20-30 seconds. Recent improvements in the
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Pyrosequencing reaction include the use of dATPaS instead

of dATP in polymerization (Ronaghi ee al. 1996), inclusion

of apyrase (Ronaghi et al. 1998a), and inclusion of slngle-

stranded DNA-hinding protein (Ronaghi 2000 ) . These

in_rovements have, resulted in a read-length of more than

100 nucleotides. In this chapter, we describe the use of

this technique for accurate analysis of single nucleotide

po1 ?rp N (_s) ,_ tag sequi_clng, and microbial _typing.-
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mTJRIALm AID METBODB

/n v_tro_$i££cat£on and t_$ate preparat£on

PCR was performed according to the standard protocols using

one 5' biotinylated primer. The products were immobilized

onto streptavidin-coated paramagnetic beads according to

the suppliers recommendations (Dynal A.S., Oslo, Norway).

Single-stranded DNA was obtained by removing the

supernatant after incubating the immobilized PCR product in

0.I0 M NaOH for 3 rain. Sequencing primer was hybridized to

the immobilized single-stranded DNA strand in 10 mM Tris-

acetate pH 7.5, and 20 mM magnesium acetate. For multiplex

Pyrosequencing, several sequenclng prlmers were hybridlz_

.>_ _.

to a single template simultarieously.

. °

Pyrosequencing TM

volume of

was performed at room temperature in a

50 91 on a PSQ" = 96 system

(www.pyrosequencing.com). DNA template with hybridized

primer was added to the Pyrosequencing reaction mixture

containing: 10 U exonuclease-deficient Klenow DNA

polymerase (Amersham Pharmacia Biotech, Uppsala, Sweden),

40 mU apyrase (Sigma Chemical Co., USA), 100 ng purified
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luciferase (BioThema, Dalarb, Sweden], 15 mU of recombinant

produced ATP sulfurylase (Karamohamed et al. 1999), 0.1 M

Tris-acetate (pH 7.75), 0.5 mM EDTA, 5 mM magnesium

acetate, 0.1% bovine serum albumin, 1 mM dithlothreitol, 5

_M adenosine 5'-phosphosulfate (APS), 0.4 "mg/ml

polyvinylpyrrolidone (360 000), and 100 #g/ml D-luciferin

(BioThema). For determination of long reads of DNA sequence

(<100 nucleotides) and for Pyrosequancing of difficult

templates with high GC content and potential for the

formation of secondary structure, 0.5 9g SSB (Amersham

Pharmacia Biotech) was added to the DNA template. For

multiplex Pyrosequencing, three sequencing primers were

hybridized on a single-stranded DNA template. The

sequencing procedure was carried out by stepwise elongation

of the primer-strand upon sequential addition of the

different deoxynucleoside triphosphates (Amersham Pharmacia

Biotech) and simultaneous degradation of nucleotides by

apyrame. The output of l_ght resulting from nucleotide

incorporation was detected by a CCD-camera (Charge-coupled

device-camera) in the PSQ TM 96 system.
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Pyrosequencing is emerging as a widely applicable

technology for the detailed characterization of nucleic

acids. DNA template can be sequenced in real-time enabling

very fast analysis. Using one pmol of DNA, 6 x 10 I_ ATP

molecules can be obtained which, in turn, generate more

6 x 10_photons at a wavelength of 560 nanometers. This

amount of light Is easily detected by a photodiode,

photomultiplier tube, or a CCD-camera.

An automated version of a Pyrosequencing machine (PSQ _ 96

system) was recently developed (_w.o_msem_aeln_-com). The

automated version of Pyrosequenclng uses a disposable

inkjet cartridge for precise delivery of small volume (200

nl) of six different reagents into a temperature controlled

1

microtiter plate (Figure 2). The mlcrotiter plate is under "

continuous agitation to increase the rate of reagent

mixing. A lens array is used to efficiently focus the

generated luminescence from each individual well of the

microtiter plate onto the chip of a CCD-camera. Nucleotides

are dispensed into alternating wells with a delay to

minimize mixing of generated light between different wells.

A cooled CCD-camera images the plate every second to follow
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the exact process of the Pyrosequenclng reaction. Data

acquisition modules and an interface for PC-connection are

used in this instrument. Pyrosequencing software running in

Microsoft Windows enables individual control of the

dispensing order for each well in the PSQ_96 system.

Prior to initiating Pyrosequencing, the reagents and each

of the four nucleotides are loaded into the InkJ@t

cartrldgethat is mounted in the instrument. A microtlter

plate containing DNA template with hybridized primer is

placed into the Pyrosequencing machine, and after the

enzymes and substrate has been delivered by the ink-Jet,

nucleotides are added to the solution accorc_Lng to the

specified order. The Pyrosequencing signals in a pyrogram

(Figure 3, d, and 5} show high quality sequence data with

high signal-to-noise ratio. The height of the peaks is

proportional to the number of incorporated nucleotides. A

384-wells microtlter plate-based high throughput version of

this machine is also under development, which will allow

the analysis of up to 50,000 SNPs per 8 hours and reduce

the cost for genotyping below 20 cents per sample

(www.Dyrosequencinq.com).
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In addition to Pyrosequencing, the PSQ T" 96 System is a

high-precision 96 well luminometer that can be used for any

enzyme-screening assay that generates a light signal. For

example, the PSQ TM 96 System can be used for any high-

throughput ELISA-based immunoassays. It can also be used

for screening of all enzyme activities found in yeast

cells, by using genome-wide epitope-tagged yeast strains,

each containing a different yeast open readLing frame (ORF}

fused to glutathione S-transferase (GST} (Martzen, M.R. et

al. 1999, Viktor Stolc, under investigation}. The PSQ TM 96

system has already been used for a number of applications

(Ronaghi 2001). Throe main applications of this machine are

presented and discussed bellow.

For analysis of SNPs by Pyrosequencing, the 3'-end of a

primer is designed to hybridize one or a few bases 5'

adjacent to the polymorphic position. In a single tube, all

the different variations can be determined as the region is

sequenced. A striking feature of pyrogram readouts for SNP

analysis is the clear distinction between the various

genotypes of each allele combination. Thus, homozygous or

heterozygous alleles result in a specific pattern (Ahmadian

et al. 2000a; Alderborn et al. 2000; Ekstrom et al. 2000;

I0
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Nordstrom etal. 2000b). This feature makes genotyping

extremely accurate and easy. Relative standard deviation

values for the ratio between key peaks of the respective

SNPs and reference counterparts are 0.1 or lower (Alderborn

eC al. 2000). Simple manual comparison of predicted SNP

patterns and the raw data obtained from the PSQ TM 96 system

can score an SNP, especially as no editing is needed

(Figure 3). Because specific patterns can be readily

achieved for the individual SNPs, it wlll also be possible

to automatically score the allellc status by pattern

recognition software. In a study based on results from

three different laboratories, 26 different SNPs and more

than 1600 DNA samples were analyzed. The algorlt_

classified the data from 94% of the samples as good or

medium quality and 99,4% of these were automatlcaliy

assigned the expected genotypes. The primary source of any

low data quality was insufflclent signal-to-noise ratio,"

typically caused by low efficiency in PCR amplification. As

Pyrosequencing signals are very quantitative, it is

possible to use this strategy to examine allelic frequency

in large population. Furthermore, Pyrosequencing enables

determination of the phase of SNPs when they are in the

vicinity of each other allowing the detection of haplotypes

I!
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(Ahmadian et al. 2000b). This system allows more than 5000

samples to be analyzed in 8 hours.

l_rosoquoncingfor_g s_oncing

Tag sequencing can be used for de novo sequencing and re-

sequencing. This includes applications such as partial cDNA

sequencing (Nordstrom et al. submitted, Ronaghi et al.

1998b), microbial typing (Gharlzadeh et al., in

preparation), re-sequencing of disease gene (Garcia et al.

2000), and identification of ollgonucleotide bar-code

sequences (h t t p s / / w w w -

s3.h_ll, Stolc, .et al. under _Investigati0n). For partial

c/24A analysis, theoretically, eight or nine nucleotides in

a row should define a unique sequence for every gene in the

human genome. However, it has been found that in order to

uniquely identify a gene from a complex organism such as

human, a longer sequence of DNA i8 needed (Nordstrom eC al.

submitted). In a pilot study, it was found that 98% of

genes could be uniquely identified by sequencing a length

of 30 nucleotides. Pyrosequencing was used to sequence this

length for gene identification from a human cDNA library

and the results were in complete agreement with longer

sequence data obtained by Sanger DNA sequencing.

12
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Pyrosequencing offers high throughput analysis of cDNA

libraries since 96 samples can be analyzed in less than one

hour. Like Sanger DNA sequencing, Pyrosequencing also has

the advantage of library screening, since the original cD_A

clone is directly available for further analysis (Figure

4). Pyrosequencing has also been used to sequence 10-50

nucleotides for semi-conserved genes for viral, bacterial

and fungal tYPing (Gharizadeh eC al. 2001)

lult£pl_ _m_-_moi_ma

Pyrosequencing takes advantage of enzymatic reactions to

determine the sequence of_the XR_A. Proportlonal signals

obtained in a pyrogram represent the number of nucleotldej,

incorporated by DNA pol_rase. By using more than one"

sequencing primer in a Pyrosequencingreaction, a sequence-

specific fingerprint can be obtained in which the height 0_ :_

incorporatedeach peak determines the number of

nucleotides. Expected pattern for one of the subtYPe of

hepatitis C virus and the raw data from Pyrosequencing

presenting the subtype is demonstrated in Figure 5.

Challenges in PFA_sequencing

An inherent problem with the described method is de novo

sequencing of polymorphic regions in heterozygous DNA

material. In most cases, it will be possible to detect the

13
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polymorphism. If the polymorphism is a substitution, it

will be possible to obtain a synchronized extension after

the substituted nucleotide. If the polymorphism is a

deletion or insertion of the same kind as the adjacent

nucleotide on the DNA template, the sequence after the

polymorphism will be synchronized. However, if the

polymorphism is a deletion or insertion of another type,

the sequencing reaction can become out of phase, maklngthe

interpretation of the subsequent sequence difficult. If the

polymorphism is known, it is always possible _o ' u_k

programmed nucleotide delivery to keep the extenslonof

different alleles synchronized after the polymorphi:_

region. It is also possible to use a bi-directionai

approach (Ronaghi et al. 1999} thereby the complementa_

strand is sequenced in order to decipher the sequence

flanking the polymorphism.

Another inherent problem is the difficulty in determining

the number of incorporated nucleotides in homopolymeric

regions, due to the non-linear light response following

incorporation of more than 5-6 identical nucleotides. The

polymerization efficiency over homopolymeric regions has

been investigated and the results indicate that it is

possible to incorporate up to ten identical adjacent

14
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nucleotides in the presence of apyrase (Ronaghi 2000).

However, to elucidate the correct number of incorporated

nucleotides, it may be necessary to use specific software

algorithms that integrate the signals. For re-sequencing, it

is possible to add the same nucleotide twice for a .

homopolymeric region to ensure complete polymerization, and

for the tag software to automatically sum up the signals

representing the correct number of Incorporated nucleotides.

Cc_sZum£_

Pyrosequencing technology is relatively new and there Is

much room for developments in both chemistry and in

instrumentation. The technology is already time- and comt D

competitive when compared to the existing aequenclng

methods. The current cost is 69 cents per sample usin_ _

standard Pyroeequenclng. With the 384-format machine, the _

coat will be reduced below 20 cents. Work is underway to

further improve the chemistry, to measure the sequencing

efficiency at elevated temperatures and to run the reaction

in miniaturized formats. The advantage of Pyrosequencing in

miniaturized formats may lle in the ease with which large

numbers of high-density arrays can be manufactured and the

future integration of sample preparation with these

devices. Success in miniaturization of this technique into

15
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high density mlcrotlter plates0 mlcroarrays or

mlcrofluldlcs (Ronaghi 1998c) will reduce the cost and

increase the throughput by one to two orders of magnitude,

a crucial step :for large-scale genetic testing.

°
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Figure I. The general principle behind different

Pyrosequencing reaction systems. A polymerase catalyzes

incorporation of nucleotide(s) into a nucleic acid chain.

As a result of the incorporation, a PPi molecule(s) is

released and subsequently converted to ATP0 by ATP

sulfurylase. Light i8 produced in the luciferaee reaction

during which a luclferln molecule Is oxidized. The left

over of nucleotides and generated ATPare degraded by the

enzyme apyrase. Nucleotides are added one by one wlthin'8

minute interval and the target sequence is determined.

7_g_ure 2. Schematic drawing of the automated system fo_

Pyrosequencing. Four dispensers move on an X-Y robotics arm

over the microtiter plate and add four different

nucleotides, according to the pre-epecifled order. The_

microtiter plate is agitates continuously to mix the added

nucleotide. Generated light is directed to the CCD-camera

using a lens-array located exactly below the microtiter

plate_Reprinted by kind permission of Genome Research.

Figure 3. Pyrogram of the raw data obtained from

Pyrosequencing of two different kinds of homozygous alleles
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(a and c) and a heterozygote DNA template (b). The order of

nucleotide additions is indicated below the pyrogram, and

the obtained sequence is indicated above the pyrogram. The

height of the pe_ks determines the number of incorporated

nucieotldes. The time between addition of each nucleotide

is one minute.

F£Gmu_e 4. Pyrogram of the raw data obtained from de novo

sequencing of a 230-nucleotlde-long PCR product using a

PSQ TM 96 system. The order of the nucleotlde additions is

indicated below the pyrogram and the obtained sequence is

indicated above the pyrogram.

T£m_uro S. Pyrog-ram of _ :_: _ ....

the raw data*:'obtained from itlplex
: • 4" ••i_ mu

Pyrosequenclng of one of the subtype of hepatitis vlru8 C. 1.

Three sequencing primers (P1, P2, and P3) were hybridized

to a Jingle template (top panel) and
.. Pyrosequenclng

resulted in a unique flnge_r_nt for a wpeclflc genotype.

The order of the nucleotide additions is indicated below

the pyrogram and the obtained sequence is indicated above

the pyrogram. The expected theoretical pattern (left) and

the raw data {right) are shown. See Materials and Methods

for more information.
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